We demonstrate a novel quantum sensor for measuring non-magnetic spin-dependent interactions. This sensor utilizes 131 Xe, 129 Xe, and 85 Rb which are continuously polarized transverse to a pulsed bias field. The transverse geometry of this spin-exchange pumped comagnetometer suppresses longitudinal polarization, which is an important source of systematic error. Simultaneous excitation of both Xe isotopes is accomplished by frequency modulating the repetition rate of the bias field pulses at subharmonics of the Xe Larmor resonance frequencies. The area of each bias pulse causes 2π Larmor precession of the Rb. We present continuous dual-species Xe excitation and discuss a temperature-dependent wall interaction that limits the 129 Xe polarization. The Rb atoms serve as an embedded magnetometer for detection of the Xe precession. We discuss Rb magnetometer phase shifts, and show that even first-order treatments of these phase shifts can result in order-ofmagnitude improvements in the achieved field suppression when performing comagnetometry. The sensing bandwidth of the presented device is 1 Hz, and we demonstrate a white-noise level of 7 µHz/
I. INTRODUCTION
Spin-exchange (SE) pumped comagnetometers [1, 2] enable precise sensing of spin-dependent phenomena with benchtop-scale experiments. Such devices have found broad use in the precision measurement community, with applications ranging from measuring inertial rotation [2] [3] [4] [5] to placing upper bounds on spin-mass couplings [6, 7] , Lorentz violations [8] [9] [10] [11] [12] , and atomic electric dipole moments [13] [14] [15] .
The potential for miniaturization has made gyroscope implementations a subject of interest in industrial research [2, 16, 17] . Indeed, advances in chip-scale technologies have opened the door for SE pumped comagnetometers whose performance is predicted to scale favorably with the size of the sensor compared to alternative devices such as ring laser gyroscopes [18] . Practical inertial navigation devices must provide continuous readout. The device presented in this work was designed to suppress systematic errors from longitudinal polarization while satisfying the constraint of continuous operation. SE pumped comagnetometers consist of co-located ensembles of noble gas nuclei and alkali-metal atoms which are spin polarized in the presence of a magnetic field [19] . Suppose an ensemble of two spin-exchange optically pumped (SEOP) noble gas species (a and b) are each subject to a common magnetic field B z and some spin-dependent interaction X. The Larmor resonance frequency of each isotope obeys [2, [20] [21] [22] ]
where γ is the gyromagnetic ratio, S and K are the respective alkali-metal and noble gas polarizations, z sub- * tgwalker@wisc.edu scripts refer to the longitudinal components (i.e., parallel to the bias field direction), and b i j is the SE coefficient [23] characterizing the influence of j's polarization on i. Given a known ρ = γ a /γ b , Ω a and Ω b can be simultaneously measured in order to suppress B z while retaining sensitivity to X a z and X b z [24] . The longitudinal polarizations S z and K z are important sources of systematic error in SE pumped comagnetometers [6, 20, 21] .
The embedded alkali-metal atoms can be used for quantum non-demolition readout [25, 26] of the noble gas precession. During atomic collisions, a Fermi-contact interaction enhances the field experienced by the alkalimetal atoms due to the the polarized noble gas nuclei [27] . This enhancement factor directly improves the signal-tonoise-ratio (SNR) as classical fields are not similarly enhanced. Using the alkali-metal atoms also enables miniaturization by eliminating the need for an exterior pick-up coil (such as a SQUID [14, 15] ).
The device demonstrated in this work is a SE pumped 131 Xe-129 Xe comagnetometer which produces no firstorder time-averaged S z or K z such that the comagnetometer signal
is independent of magnetic fields, where the superscripts a and b refer to 129 Xe and 131 Xe, respectively, and ρ = 3.373417(38) [28] . In the context of rotation sensing, we set X b z = ω R and X a z = −ω R [2] such that ξ becomes the rotation frequency ω R . The noble gas nuclei are continuously polarized perpendicular to a frequency-modulated pulsed bias field, utilizing a dual-species extension of synchronous SEOP [29, 30] . We demonstrate that the 131 Xe and 129 Xe Larmor precession frequencies are sufficiently correlated to resolve a white frequency noise level of 7 µHz / √ Hz and achieve a low-frequency field noise suppression in excess of 10 3 . The scale factor between the Larmor resonance frequencies and the spin-dependent interactions is determined predominantly by fundamental physical constants, namely the gyromagnetic ratios. It is, to a good approximation [31] , independent of the details of our apparatus (such as temperature, gas pressures, etc.). This means that comagnetometry can be performed without the need for calibration. Figure 1 shows a schematic of the experimental apparatus. We optically pump 85 Rb atoms alongx, and noble gas nuclei are polarized via SE collisions with the polarized Rb atoms. The bias field is oriented alongẑ (transverse to the Rb polarization) and is applied as a series of low-duty-cycle pulses. The pulse area is set such that the Rb spins precess 2π radians during each bias pulse. The Xe isotopes precess only ∼ 2π 10 3 radians per pulse (owing to their much smaller magnetic moments). As such, we can approximate the effective bias field experienced by the Xe isotopes due to the pulses as a continuous function,
where ω p (t) is the repetition rate of the 2π pulses and ̵ hγ S = 2µ B (2I+1), where I = 5 2 is the 85 Rb nuclear spin and µ B is the Bohr magneton. The repetition rate of the bias field pulses is modulated at linear combinations of Ω a and Ω b in order to simultaneously excite the magnetic resonance of both noble gas species. Continuous detection of the noble gas precession is accomplished using the embedded Rb magnetometer, which is effectively at zero-field due to the bias field being applied as low-duty-cycle 2π pulses [32] . We monitor S z ∝ K y by measuring the Faraday rotation of a linearly polarized probe laser which propagates alongẑ (parallel to the bias field). We demodulate the S z signal digitally using an FPGA. Resonance for each Xe species is maintained by adjusting the modulation frequencies of the pulsed bias field repetition rate, and ξ is computed using the Xe resonance frequencies determined by this feedback. This paper expands on the work presented in Ref. [30] and proceeds as follows. Section II describes the simultaneous excitation, detection, and demodulation of 131 Xe and 129 Xe precession. We give details of the experimental apparatus and demonstrate dual-species Xe excitation. In Sec. III, we perform comagnetometry and present the field suppression and stability of the system. Section IV provides an outlook for possible future studies, and we conclude in Sec. V with a summary of the presented work.
II. EXCITATION AND DETECTION

A. Principles
We assume purely transverse optical pumping of the Rb alongx. We also assume that transverse fields experienced by the Xe, including the SE field b K S S x , are wellnulled, such that the longitudinal components of the Xe polarizations are negligible [29] .
The transverse components K + = K x + iK y of the nuclear spin polarization for each noble gas species obey
where Ω = γB z + X z is the Larmor resonance frequency, arising from both magnetic field B z and spin-dependent phenomena X z . The SE rate constant is Γ K S , and the transverse relaxation rate is Γ 2 . The precession direction is encoded in the sign in front of Ω (top is 129 Xe, bottom is 131 Xe). The frequency shift of the 131 Xe due to quadrupole interactions is assumed to be independent of B z . Such quadrupole effects are included in X b z . Simultaneous excitation of multiple noble gas species via SE collisions with the Rb can be accomplished by modulating either S + or B z . Previously we demonstrated single-species excitation by modulating S + [29] . While an extension of that approach is possible, here we perform dual-species excitation by modulating B z . In this work, we modulate B z by modulating the pulse repetition rate ω p . This is advantageous because changes in ω p impact the Rb magnetometer gain far less than do changes in DC fields.
Theẑ component of the magnetic field is B z = B z0 + B p (t), which includes the stray field B z0 and the bias field from the 2π pulses B p (t) = B p0 + B m (t), where B m is the modulated part of the pulsed field. The Xe nuclei experience both B z0 and B p , but because the Rb atoms precess by 2π during each bias pulse, the Rb atoms experience predominantly B z0 .
We find that the Rb magnetometer gain depends on the pulse repetition rate. We attribute this to changes in the effective relaxation rate of the magnetometer as the pulse repetition rate (and hence duty cycle) is varied [32] . Though the bias field is zero most of the time, any SE collisions that occur during a bias pulse will contribute to relaxation. Hence, the magnetometer gain will be increasingly degraded as pulses are applied more frequently. For the ω p modulation presented in this work, the observed magnetometer gain varied up to a factor of two.
We suppress the influence of gain modulation on the detection by gating the 2π pulses. After the pulses are gated off, we wait for the magnetometer gain to recover before recording the Faraday signal (see Fig. 2 ). If we do not gate the pulses, we see a background on the recorded Faraday signal which corresponds to harmonics of the pulsing modulation frequencies. We find that waiting twice the 1 e recovery time of the Rb magnetometer before recording the Faraday signal suppresses this background. We modulate the 2π pulse repetition rate (depicted in Fig. 3) as
where g(t) = (sign(cos(ω 3 t)) + 1) is the time dependence of the gating, ω 1 = ω b d and ω 2 = ω a d − 3ω b d determine the Xe drive frequencies, and b 1 and b 2 set the depth of modulation.
Influence of Rb on drive, detection
The Rb atoms serve two primary purposes in our system: we use the DC transversely polarized Rb S + to polarize the Xe nuclei and the AC longitudinally polarized Rb S z to detect the Xe precession. For Ω << Γ ′ the time-average solution to the Bloch equations for the Rb polarization can be expanded as
where R is the pumping rate, Γ ′ is the total relaxation rate (including pumping), and Ω = γ S B where B is the magnetic field experienced by the Rb. This assumes negligible back polarization from the Xe to the Rb [1, 33] , and that K precesses slowly such that S z responds adiabatically. Since we optically pump alongx we have R = Rx, and
is the magnetometer phase shift. B w = Γ ′ /γ S is the magnetic width of the magnetometer. We see that though the Rb atoms are optically pumped alongx, the field B z0 causes the Rb polarization to rotate slightly intoŷ so that the transverse spin is phase shifted. We will show that this phase shift appears on the detected phase of rotating transverse fields (see Eq. 16) and must be accounted for in order to achieve optimal field suppression in the comagnetometer signal (see Sec. III A).
Magnitude and phase of K+
We write the nuclear spin polarization using a phasor representation K + = K ⊥ e ±iφ . We measure the difference δ = φ − α between the instantaneous Xe phase φ and a reference phase α = ∫ (ω d +γB m )dt which is the phase the Xe would have if the only fields present were the pulsing fields and if
To first order in δ and z , the real part of Eq. 4 is
To find the time averages of cos(α) and sin(α) (and thereby arrive at a steady-state solution for K ⊥ ), consider the time average of e iα for B m = B 1 cos(ω 1 t) + B 2 cos(ω 2 t). Making substitutions using the Jacobi-Anger expansion
where J n (z) is the n-th Bessel function of the first kind, and keeping only terms of the sums that would mix to give a contribution at DC, we find the time averages
) and sin(α) = 0. The steadystate solution for K ⊥ is then
with p = 3, q = 1 for 129 Xe and p = 1, q = 0 for 131 Xe chosen to satisfy the resonance condition
The imaginary part of Eq. 4 is
To get an expression for δ, we make substitutions as given above and use the steady-state solution for K ⊥ . To first order in δ and z , we arrive at
The sign in front of z is isotope dependent because the Xe isotopes precess in opposite directions.
Detection and demodulation
From Eq. 8 and Eq. 12, the magnetometer signal S z can be written as
Note that the Rb precession phase includes both the Xe precession phase and the magnetometer phase shift.
The precession phase of each isotope can be extracted from S z by demodulation with cos(α). For example,
We sample evenly in time for experimental convenience, necessitating the dα dt in the demodulation. Note the orthogonality between dα a dt cos(α a ) and dα b dt cos(α b ) which prevents isotope a's phase information from showing up on isotope b's detection channel and vice versa. The S z signal is sampled at ω 3 and then low-pass filtered to prevent aliasing. The time average is approximated using a moving average over N data points, where N is chosen to suppress the high frequency residuals of the demodulation.
B. Apparatus
The experimental apparatus is similar to that described previously in Ref. [29] . An 8 mm cubic Pyrex cell filled with 40 Torr enriched Xe and 50 Torr N 2 with a hydride coating [17] is mounted in a ceramic housing which is secured inside a 3D-printed magnetic field coil rig, which is itself mounted in a three-layer cylindrical mu-metal shield (see Fig. 1 ). The coil rig consists of three square orthogonal Helmholtz coils (for nulling stray fields) and a multipole pulsing coil designed specifically to have low inductance, high field uniformity across the cell, and low magnetic moment (to reduce coupling to the shield endcaps). The multipole pulsing coil consists of two pairs of square coils wound in series with opposite polarity. The circuit used to drive the pulsing coil was custom-made using a modified H-bridge design. The bias field requires short pulses (< 5 µsec) of ≈ 1 Ampere peak current. To facilitate modulated-ω p operation, the circuit was designed such that the Rb Larmor precession produced by each pulse is largely independent of the pulse repetition rate. The cell is heated to ∼ 120°C by applying AC current at ∼ 150 kHz to four pairs of heater coils printed on each face of the cell's ceramic housing.
To perform optical pumping of the Rb, the outputs of two distributed feedback laser diodes tuned near the Rb D1 transition (one on either side of resonance) are overlapped. The resulting beam is then split and circularly polarized so that half of each laser's power is directed to the cell from opposing directions (±x), thereby reducing intensity gradients. The total pump light incident to the cell is nominally 30 mW. The power and detuning of each pump laser is chosen to null the average AC Stark field seen by the Rb. The average pump detuning is ≈ 12 GHz.
To detect S z , approximately one mW of linearly polarized light from the output of a third distributed feedback laser diode, tuned near the Rb D2 line, is directed through the center of the cell and parallel toẑ. Its polarization is analyzed via a balanced polarimeter. An FPGA synced to a commercial Rb time standard is used to synthesize the 2π pulse triggers, demodulate the digitized Faraday rotation signal, and perform feedback to correct the pulse repetition rate modulation frequencies so that the measured phase of each Xe isotope is kept equal to zero.
Filled circles are measured data. Lines are Lorentzian fits to the data.
C. Xe signals
The demodulated S z vs. δ for each isotope is shown in Fig. 4 . The data were acquired with one isotope driven on resonance while the other isotope's detuning was varied. The field modulation parameters were, ω 3 = 2π × 200 Hz, b 1 = 0.73 and b 2 = 0.15, and ω p0 ≈ 2π × 13.2 kHz, resulting in average precession frequencies of ≈ 33.3 Hz and ≈ 9.9 Hz for 129 Xe and 131 Xe, respectively. Under these conditions, the amplitude of B m was approximately 10B w . Only the modulation of 2π pulses allows for the Xe to experience such a large modulation while preserving the fidelity of the Rb magnetometer. The modulation parameters b 1 and b 2 were chosen to optimize the simultaneous excitation of both Xe species. Limiting b 1 +b 2 < 1 avoids producing Xe precessions near the 1 f detection noise without requiring reversals of the pulsing direction. For our choice of ω p0 , b 1 + b 2 = 0.88 ensures that the instantaneous precession frequency of the 131 Xe never goes below 1 Hz. The moving average filter most strongly attenuates frequency content at integer multiples of ω 3 N (where ω 3 sets the sampling rate). Since ρ was within 0.05% of 27 8, we used the moving average filter to suppress residuals of the demodulation at ω a d , ω 1 = ω b d , and ω 2 by setting ω a d = ω 3 6 and N = 27 × ω 3 ω a d = 162. For 131 Xe we measure b S b K b ⊥ ≈ 30 µG or 0.1% polarization and a linewidth of 21.2(3) mHz. For 129 Xe we measure b S a K a ⊥ ≈ 10 µG or 0.3% polarization and a linewidth of 15.6(3) mHz. From Eq. 12 and esitmates similar to Ref. [2] , we anticipate polarizations of 0.05% for 131 Xe and 0.2% for 129 Xe.
The measured 129 Xe polarization is substantially lower than if it were limited only by relaxation due to SE collisions. A possible explanation for this discrepency is an anomalous temperature-dependent wall relaxation mechanism similar to what has been reported in Rb-3 He cells [34] . We fit the Xe-Rb polarization ratio as a func- Black lines are theoretical curves which lack temperature-dependent wall relaxation. Red line is a fit of K a S vs Rb density which includes an anomalous wall relaxation free parameter.
tion of Rb density n S with
where κ K S is the SE rate coefficient, and the wall relaxation is Γ W = Γ W 0 + xΓ K S with room-temperature relaxation Γ W 0 . The x parameterizes the temperature dependence. Figure 5 shows the diminishing gains in 129 Xe polarization as the Rb density is increased, corresponding to x = 2.0(1) in our cell. Previous measurement of a nominally spherical 8 mm cell (32 Torr 129 Xe, 8 Torr 131 Xe, 300 Torr N 2 , and 85 Rb) gave x = 3.4 for 129 Xe [29] . 131 Xe does not exhibit such a temperature-dependent effect; its polarization scales linearly with Rb density (see inset of Fig. 5 ). As this is a surface effect, it is likely related to the Rb hydride coating of our vapor cell. Further study is needed to understand the exact mechanism behind x. Such study will require measurements of vapor cells of various compositions and geometries.
Free induction decay studies suggest the presence of ≈ 30 mHz of first order quadrupole produced by the cell assymetry caused by the cell's pull-off stem [35] . However, the measured 131 Xe signal exhibits no sign of quadrupole beating [6, 36] when excited via synchronous SEOP. Furthermore, the average (over many data sets) of the ratio of Xe resonance frequencies is 3.3727. Supposing that the discrepancy between the measured ratio of gyro-magetic ratios and that reported in Ref. [28] is due solely to quadrupole, the quadrupole shift would be about 2 mHz. We believe the suppression of first order quadrupole is generic to transverse polarization and plan to explore this interesting observation in future work.
III. COMAGNETOMETRY
Simultaneous measurements of the Xe resonance frequencies Ω a and Ω b are required for the computation of the comagnetometer signal ξ. In our system, we measure the resonance frequencies using feedback. The phase δ of the Xe transverse polarization is much more sensitive to small fluctuations (or rotations) about the bias field than the magnitude K ⊥ , and is therefore a useful error signal for feedback. Performing a Fourier transform of Eq. 14 givesδ
We stabilize the drive frequency of each isotope by servoing [37] the detected phaseδ ∓˜ z . Doing so reduces uncertainty in the transformation from phase to frequency for each isotope. The feedback can be writteñ
whereG is the frequency dependent feedback gain (units of 2π Hz/rad). The finite gain corrected drive frequencies are thenω
The comagnetometer signal ξ ′ is computed as
where ω a , ω b > 0. We see that the derivative of z appears just like a rotation would in ξ ′ . To extract ξ from ξ ′ , we need to know z . We assumed thatB z0 was the dominant contribution to˜ z and used the sum of the finite gain corrected drive frequencies, which should also be dominated byB z0 , to construct˜ z according to Eq. 9 as
In the sections that follow we demonstrate the field suppression and stability of the comagnetometer. We will show that˜ z has a profound impact on the field suppression.
A. Field suppression
Each isotope is phase locked to line center with an accuracy of ±0.3 mHz. The drive frequency of each isotope then tracks the resonance as defined by the phase of precession as measured by the Rb. These drive frequencies are recorded and corrected for finite gain (Eq. 20) in postprocessing. The quantities˜ z andξ are also computed in post-processing (Eq. 21 and 22). drive frequency is very nearly ρ larger than the 131 Xe drive frequency spectrum from DC to 0.1 Hz, suggesting thatB z0 dominates over this frequency band.
Since the goal of a comagnetometer is to sense nonmagnetic spin-dependent interactions, we characterize how well the device rejects bias magnetic field perturbations. In order to characterize the field suppression factor (FSF) of the comagnetometer, we record the drive frequencies while applying an ancillary 5 mHz 4.3 µG B z . We define the FSF to beω b d /ξ at the frequency of the ancillary B z .
If we compute ξ using the average of two independent measurements of B w (see next section) we find an FSF of 470. However, the maximum value of FSF occurs for B w = 2.0 mG and is 2300. Ignoring the influence of z and computing the FSF asω b d /ξ ′ produces an FSF of merely 75. Clearly, z introduces substantial phase shifts to the comagnetometer signal. In the following section we describe two independent measurements of B w . We also describe a means of measuring the FSF without ambiguity introduced by uncertainty in B w . 
Bw measurements
We measure B w independently using two methods. First, we measure the difference in open loop response (see Eq. 18) of the two Xe isotopes, which for ω >> Γ 2 and ∆ a = ∆ b = 0 is dominated by z . The data in Fig. 7 (a) were aquired by setting ω d to resonance for each isotope by hand (no ω d feedback), applying an AC few µG B z0 at various frequencies, and recording the phase difference between the phase response of the two isotopes. Since we measureδ ∓˜ z (as per Eq. 16), we construct a fit function
where we have taken∆ ≈ γB z0 and˜ z ≈B z0 B w . Using this fit function, we find B w = 3.5 ± 0.3 mG. If there were no magnetometer phase shift (i.e., if˜ z = 0) the phase difference would approach zero with increasing frequency (see dashed line in Fig. 7 ). Instead we see the phase difference increase, consistent with our model for z .
We can also obtain B w by measuring the magnetometer response (without substantial Xe excitation) to a known B y of various magnitudes, as shown in Fig. 7 (b) . Fitting according to theẑ component of Eq. 6, we find B w = 3.1 ± 0.1 mG. The weighted mean of the two measurements is B w = 3.14 mG.
Stabilizing the sum frequency
In order to prevent uncertainty in B w from influencing the FSF, we built an additional feedback loop which corrected B z0 such that the sum ω a d + ω b d was kept fixed. Assuming that B z0 is the dominant contribution to z , this will stabilize the magnetometer phase shift. The gain of this feedback loop was sufficient to suppressω b by a factor of 15 at 5 mHz compared to when the sum ω a d + ω b d was not stabilized, as shown in Fig. 8 . The FSF was 1800 with this additional feedback loop (taking into acount the factor of 15 suppression ofω b d ). The low-frequency FSF of other comagnetometer implimentations are often not reported in the literature. The K-21 Ne comagnetometer from Ref. [3] reports an FSF starting at 10 3 at 1 Hz and decreasing linearly with applied B z frequency. Extrapolating to 5 mHz suggests an FSF of ≈ 10 4 at 5 mHz, an order of magnitude greater than that which we demonstrate in this paper.
In the next section we demonstrate the stability of our comagnetometer. In particular we show that the stability is not limited by residual bias field fluctuations and/or finite FSF.
B. Stability
Without an ancillary B z , ξ's amplitude spectral density (see Fig. 6 ) has a distinct f trending noise from 1 to 0.02 Hz until it reaches a white noise level of < 10 µHz / √
Hz. Both the f trending and white frequency noises are due to finite SNR and are discussed below. We find that the noise of ξ is the same regardless of the B w used in computation and whether or not we stabilize B z0 using the sum of the drive frequencies (bothξ ′ in Fig. 8 are similar). This suggests that ξ's noise is not limited by the FSF. A B w of 3.14 mG was used for the ξ shown in Fig. 6 (a) and (c). Figure 6 (c) shows the standard Allan deviation (ADEV) of the drive frequencies and the comagnetometer signal ξ. It also depicts the modified Allan deviation (MDEV) [38, 39] of ξ. The ADEV of the drive frequencies are mostly constant with τ suggesting that they are dominated by flicker frequency noise. The high level of correlation between the two drive frequencies allows for a ξ whose deviation is orders of magnitude smaller. The deviation of ξ is dominated by white phase noise from 1 to 30 seconds of integration (as indicated by the τ −3 2 slope of the MDEV) and random walk of frequency from 30 seconds onward. We fit the MDEV from Fig. 6 (c) using the function σ 2 = (aτ −3 2 ) 2 + (bτ −1 2 ) 2 + (cτ 1 2 ) 2 and find a = 78.2 (7) µHz Hz −3 2 , b = 4.3(4) µHz Hz −1 2 , and c = 168(3) nHz Hz 1 2 . The angle-random walk (ARW) is b √ 2 or 6.1(4) µHz/ √ Hz. We can estimate how finite SNR influences the comagnetometer stability by re-writing the comagnetometer signal to explicitly include the noiseñ (SNR −1 ) of our detection such that the measured phase of each isotope is δ ∓˜ z +ñ. The expression forξ ′ (see Eq. 21) including the uncorrelated noiseñ for each noble gas species becomes
Ifξ is dominated byñ thenξ will have a white noise spectrum which changes to f trending noise near ω ≈ Γ 2 . The white phase noise level measured under open loop conditions suggest SNRs of 5300 √ Hz and 3200 √ Hz for 131 Xe and 129 Xe, respectively. The SNR-limited ARW calculated from Eq. 24 is 4 µHz/ √ Hz, which is very similar to the ARW found by fitting the MDEV of ξ. The photon shot noise limited ARW is 10 nHz/ √ Hz. It is unclear what is presently limiting the SNR. We have confirmed that our detection noise is not limited by probe technical noise. It may be that our demodulation routine introduces noise. We may also be limited by finite bias pulse repetition rate modulation fidelity (drive-to-noise ratio). These are topics for future study.
It is uncertain what limits the bias instability. We find that the measured bias instability is most sensitive to a DC B x , as shown in Fig. 9 , which suggests that 1 f B x field fluctuations my be an important contributor to bias instability. We believe the mechanism for this dependence is related to imperfect cancellation of the Rb SE field, which depends critically on pump laser detuning, Rb density, and DC B x . When the Rb SE field is not well cancelled, K z (a known source of systematic error) will be produced if ∆ ≠ 0. We plan to study this effect in the near future.
IV. OUTLOOK
The accuracy of the device can be quantified by making measurements of a known non-magnetic spin-dependent phenomenon, such as Earth's rotation rate. This can be accomplished by orienting the sensitive axis of the comagnetometer parallel to Earth's axis of rotation. The demonstrated comagnetometer performance should allow resolution of Earth's rotation rate after less than 10 seconds of integration.
Further increase in comagnetometer sense bandwidth (beyond the 1 Hz bandwidth demonstrated here) is desirable for inertial navigation applications. The fundamental sense bandwidth of the comagnetometer is limited by ω 2 , which in this work was ≈ 3.7 Hz. The value of ω 2 can be increased by increasing the average pulse repetition rate of the bias pulses or increasing their area to produce 2πm Larmor rotation of the Rb, where m is an integer greater than one. However, in order to sample the 129 Xe precession without violating Nyquist's criterion, the gating frequency ω 3 (see Eq. 5) must be at least twice that of the average 129 Xe precession frequency. The gating frequency is limited by the Rb magnetometer response. The magnetometer response can be increased via feedback by applying AC B y fields to cancel the Xe SE fields experienced by the Rb so that the Rb is kept at zero field.
The performance of synchronous SE comagnetometry applied to 3 He-129 Xe cells looks very promising. Compared to 131 Xe-129 Xe, a 3 He-129 Xe cell should enable roughly 10 times the T 2 and 10 times the signal [1, 40] . If the modest magnetic sensitivity remained the same as our current cell then the anticipated ARW would be 100 nHz/ √ Hz, an order of magnitude less than what was reported in Ref. [1] . Although the improvement in SNR should be dramatic, the sensitivity to longitudinal Rb fields will be much larger (b a S = 110b He S [41] versus b a S = 1.002b b S [6, 22] ), as will the sensitivity to first-order temperature gradients [42] and back polarization [1] .
The through-space J-coupling term b b a depends on cell geometry and the frequency enhancement factor κ b a which has yet to be measured but was recently calculated to be 0.3 [20, 43] . We estimate that for our apparatus K a z = 0.1K a max would produce a comagnetometer frequency shift of a few µHz, which would be well resolved by this device.
Dual-species synchronous SEOP is an excellent technique for performing a direct search for axion-induced spin-mass couplings. Because of the Yukawa type potentials assumed for spin-mass couplings, miniaturized comagnetometers enable broad energy resolution of the supposed coupling. If the results reported in this study are reproduced in a 2 mm cell [6] , we anticipate being able to improve the present upper bound in the submillimeter wavelength range by an order of magnitude.
V. CONCLUSION
We have demonstrated the first SE pumped comagnetometer which continuously polarizes alkali-metal atoms and noble gas nuclei in a purely transverse manner. The pure transverse polarization suppresses the influence of K z and S z on the comagnetometer signal. The application of the bias field as a sequence of low duty cycle pulses whose area correspond to 2π precession of the alkalimetal atoms enables magnetic field modulations which are experienced by the noble gas and not by the alkalimetal atoms.
The embedded alkali-metal magnetometer was used to detect the precession phase of two noble gas isotopes simultaneously with a sample rate of 200 Hz. The measured 129 Xe polarization appears to be limited by a temperature-dependent wall relaxation mechanism. This effect is independent of the continuous excitation method described in this work and likely stems from the cell's Rb hydride coating. The comagnetometer was operated in a closed loop fashion such that the drive frequencies of each isotope were corrected to keep their measured phases equal to zero. The closed loop noble gas precession frequencies were shown to be sufficiently well correlated to enable a field suppression factor of 10 3 , which was more than sufficient to suppress the low frequency field noise such that the white noise of the device was apparent. Our system has a 1 Hz measurement bandwidth, and the ARW was found to be 7 µHz / √ Hz, within a factor of two of the SNR limit. To first order, the comagnetome-ter scale factor can be written in terms of fundamental constants.
We have demonstrated dramatic improvement of the field suppression factor when accounting for the phase of the alkali-metal magnetometer. This is accomplished by computing z from the stray field noise in B z (which we determine from the sum of the recorded Xe drive frequencies) and including it in the computation of the comagnetometer signal. A similar field suppression factor was achieved by stabilizing the stray field in real time. While our calculations assumed z was dominated by B z , other possible contributions include K z , pump pointing, and back polarization (K y producing S y ). We could monitor z directly by applying an ancillary rotating B ⊥ and measuring the response of the magnetometer, allowing for improved suppression of the magnetometer phase shift in the comagnetometry.
